Bromodiene 10. Two-step procedures of 10 that are described in Magnus et al., Tetrahedron 1999, 55, 6435-6452 and in Fallis et al., Can. J. Chem. 2004, 82, 215-226 were modified such that this process was feasible in one pot. To a flame-dried 2 L round-bottomed flask equipped with a stir bar were added potassium t-butoxide (34.00 g, 303.0 mmol, 1.10 equiv), pentane or hexanes (400 mL), and 2,3-dimethyl-2-butene (60.00 mL, 42.48 g, 543.8 mmol, 1.98 equiv). The reaction flask was cooled to 0 ºC and wrapped in aluminum foil, upon which freshly distilled bromoform (distilled over CaCl 2 ; 24.00 mL, 69.36 g, 274.4 mmol, 1.00 equiv) was added in three equal portions over the course of 1 h. After the addition was complete, the reaction flask was removed from the ice-water bath and was warmed to room temperature over 2 h. The volatile components of this reaction mixture were then evaporated off in vacuo, upon which N,N-dimethylaniline (150 mL, 143.4 g, 1183. 3 mmol, 4.31 equiv) was added. A reflux condenser was placed atop the reaction flask, and this reaction setup was placed in a 150 ºC oil bath. The homogeneous reaction mixture was heated at 150 ºC for 20 min, upon which it was cooled to room temperature. Et 2 O (800 mL) and aqueous hydrochloric acid (3 N; 400 mL) were then added. The phases were separated, and the organic phase was washed with additional hydrochloric acid (3 N; 2 × 400 mL), followed by water (400 mL) and brine (400 mL). It was then dried over anhydrous MgSO 4 , filtered, and concentrated in vacuo to yield a yellow liquid, which was pure by 1 H NMR analysis. However, further purification via filtration through an alumina plug rendered the product into a very slightly yellow, nonviscous liquid (32.0 g, 66.6 %). The spectroscopic data for this compound were identical to those reported in Fallis' report.
S4
Vinylcyclohexenone 11. This compound was synthesised and characterised previously by Loughlin and co-workers: Tetrahedron 2007, 63, 1395-1401. They have noted that this compound "decomposed upon standing", and we have also found that, when stored neat, this compound decomposes quickly even at -20 ºC, since adding Et 2 O after prolonged storage results in a visual formation of white, insoluble solid (addition of THF or DCM does not cause such precipitation, however). This compound should be carried on immediately to the next step whenever possible; if prolonged storage is necessary, it is advisable that it be stored as a dilute solution in PhMe.
Enone 12. To a flame-dried 2 L round-bottomed flask equipped with a stir bar were added bromodiene 10 (16.00 g, 91.39 mmol, 1.27 equiv) and Et 2 O (350 mL). This solution was cooled to -78 ºC, upon which secbutyllithium (1.4 M in cyclohexane; 60.0 mL, 84 mmol, 1.17 equiv) was added dropwise via syringe over 5 min. The resulting yellow solution was then stirred for 15 min at -78 ºC, and then the rubber septum atop the flask was briefly removed to introduce CuBr•SMe 2 (17.50 g, 85.12 mmol, 1.18 equiv). This bright yellow slurry was then stirred for 30 min at -78 ºC, after which freshly distilled chlorotrimethylsilane (distilled from CaH 2 ; 18.00 mL, 15.41 g, 141.8 mmol, 1.97 equiv) was added dropwise over 5 min. After stirring for an additional 5 min at -78 ºC, a solution of vinylcyclohexenone 11 (8.800 g, 72.03 mmol, 1.00 equiv) in Et 2 O (80 mL) was added dropwise over 10 min. During the addition, the reaction mixture became bright orange; it was stirred for 2 h at -78 ºC and was then allowed to warm to room temperature slowly, over 8 h, by removing the dry ice/acetone bath. The reaction mixture at this point appeared to be a dark slurry. To quench the reaction, this slurry was poured into a 3 L Erlenmeyer flask containing S5 glacial acetic acid (200 mL) and Et 2 O (800 mL), and was stirred for 30 min at room temperature.
A further addition of hydrochloric acid (3 N; 500 mL) and stirring vigorously for 30 min at room temperature ensured the quenching of all alkaline species in the crude product. The two resulting layers were separated, and the aqueous layer was extracted twice with Et 2 O (2 × 300 mL). All the organic layers were combined in a 4 L Erlenmeyer flask, and saturated NaHCO 3 solution (total of 600 mL) was added in portions while stirring vigorously. The layers were then separated, and the organic layer was then washed with water (600 mL) followed by brine (400 1, 166.8, 145.9, 135.2, 126.4, 125.7, 114.0, 37.5, 36.9, 30.0, 28.6, 22.9, 22.7, 21.9, 19 .7 ppm.
IR (neat)
: 1625, 1444, 1429, 1371, 1346, 1324, 1251, 1191, 1132 .5, 146.9, 137.2, 124.5, 114.4, 112.9, 41.9, 34.7, 34.6, 30.1, 28.1, 26.2, 22.9, 21.9, 19.8, 19 .6, 0.5 ppm.
: 3075, 2931, 2865, 1661, 1445, 1364, 1251, 1205, 1192, 1133, 963, 891, 862, 838 ( € ˜ ν max ), 750 cm -1 . 4, 146.5, 136.4, 125.2, 113.3, 53.9, 41.2, 40.2, 38.7, 35.8, 25.1, 24.9, 22.9, 22.3, 21.9, 19 .6 ppm. Aldol Product S1 and Uncyclised Diketone 16. The procedure for the lanthanide-catalysed aldol reaction using a ternary solvent, as reported by Kobayashi et al., Bull. Chem. Soc. Jpn. 1994 , 67, 2342-2344 was followed. Thus, to a flame-dried 250 mL round-bottomed flask equipped with a stir bar was added a solution of (-)-TMS enol ether 14 (3.170 g, 8.648 mmol,
HRMS
1.00 equiv) in PhMe (15 mL) and was cooled to 0 ºC. Freshly distilled acrolein (from CaSO 4 ;
11.6 mL, 9.73 g, 173.6 mmol, 20.0 equiv) was added, followed by a solution of Gd(OTf) 3 (0.520 g, 0.860 mmol, 0.10 equiv) in 1:10 H 2 O/EtOH (41 mL). This colourless, homogeneous solution S12 was stirred in the cold room for 4 ºC, after which most of the volatiles were removed via rotary evaporation over a short period of less than 10 min (CAUTION! The removal of volatiles should be done in a well-ventilated fumehood, since acrolein is removed).
At this point, intermediate S1 could be worked up (by addition of 70 mL PhMe and washing with 50 mL H 2 O, 50 mL brine and drying over Na 2 SO 4 , followed by evaporation in vacuo) and purified (via basic alumina flash chromatography) to give an inseparable 2:1 mixture of diastereomers at C3, in a combined ca. 70% yield. However, it is more convenient to run the following oxidation reaction without workup as shown below.
Crude product S1 without workup was immediately dissolved in 100 mL 'non-dry' acetone and was cooled to 0 ºC. Jones' reagent (20 mL, 2.1 M; made from 5.34 g CrO 3 , 4.6 mL conc. H 2 SO 4 and 20 ml H 2 O) was added dropwise and the reaction mixture was stirred at 0 ºC for 10 min. It was then quenched with 10 mL isopropyl alcohol, and stirred for an additional 10 min at 0 ºC. This dark green mixture was then transferred over to a separatory funnel, upon which 300 mL EtOAc and 300 mL H 2 O were added. The two layers were separated, and the aqueous layer was extracted with 2 × 200 mL EtOAc. The organic layers were combined, washed with 300 mL H 2 O and 300 mL brine, dried over Na 2 SO 4 and evaporated to dryness in vacuo.
Purification via silica gel flash chromatography (gradient of EtOAc/hexanes) gave an inseparable 2:1 mixture of diastereomers at C3, along with 7-8 % w/w (+)-desilylated ketone 15, in a combined ca. 94% yield (2.35 g), resulting in an approximate 85% yield.
Data for S1 as a 2:1 mixture of diastereomers at C3:
Appearance: Colourless, viscous liquid (3R,8S)-S1 (major): δ 214. 4, 146.5, 139.5, 136.2, 125.3, 117.4, 113.4, 72.2, 63.6, 41.8, 40.9, 39.3, 36.4, 25.8, 24.9, 22.9, 21.8, 21.8, 19 .6 ppm;
(3S,8S)-S1 (minor): δ 213. 8, 146.6, 139.9, 136.4, 125.0, 116.8, 113.2, 72.0, 66.8, 41.9, 41.2, 35.5, 33.8, 25.8, 25.1, 22.9, 21.8, 21.7, 19 .6 ppm; 3440, 3075, 2935, 2874, 1699, 1631, 1444, 1372, 1309, 1266, 998, 925, 894, 735 ( € ˜ ν max ), 703 cm -1 . (3S,8S)-16 (major): δ 208. 1, 196.6, 146.2, 137.9, 135.8, 129.3, 125.6, 113.6, 70.3, 42.1, 39.4, 37.8, 31.6, 24.7, 23.5, 22.8, 21.9, 21.6, 19 .6 ppm;
HRMS (ESI-
(3R,8S)-16 (minor): δ 207. 8, 196.1, 146.2, 137.5, 136.0, 129.7, 125.4, 113.5, 71.3, 42.6, 39.0, 38.2, 32.3, 25.1, 24.0, 22.9, 22.1, 21.9, 19 .6 ppm; 3074, 2929, 2874, 1708, 1684, 1669, 1608, 1446, 1380, 1267, 1070, 983, 894, 735 ( € ˜ ν max ), 702 cm -1 . 206.9, 137.1, 131.5, 64.0, 61.9, 44.1, 39.5, 39.4, 38.4, 37.5, 29.5, 28.9, 25.4, 25.0, 24.1, 22.3, 21.1, 17 .9 ppm.
TOF
IR (neat)
: 209.6, 136.2, 131.7, 69.1, 62.6, 43.7, 40.0, 39.4, 38.4, 35.9, 29.6, 28.8, 25.0, 24.8, 24.3, 22.1, 21 .2, 17.9 ppm.
: Largest diff. peak and hole 0.300 and -0.178 e Å -3 Table S2 . Atomic coordinates (x 10 4 ) and equivalent isotropic displacement parameters (Å 2 x 10 3 ) for CCDC # 840165. U(eq) is defined as one third of the trace of the orthogonalised U ij tensor.
11102 (2) 11123 (2) 3964 (1) 26 (1) O (2) 7511 (2) 11975 (1) 1091 (1) 23 (1) C (1) 9595 (2) 11433 (2) 3732 (2) 21 (1) C (2) 8338 (2) 10509 (2) 2940 (2) 18 (1) C ( (1) C (7) 8511 (2) 7502 (2) 1737 (2) 21 (1) C (8) 8349 (2) 6252 (2) 2531 (2) 27 (1) C (9) 6554 (2) 10388 (2) 3590 (2) 19 (1) C (10) 6851 (2) 9545 (2) 4890 (2) 24 (1) C (11) 5887 (2) 11739 (2) 3978 (2) 24 (1) C (12) 7192 (3) 12513 (2) 4897 (2) 28 (1) C (13) 8882 (3) 12707 (2) 4189 (2) 28 (1) C (14) 5175 (2) 9779 (2) 2563 (2) 20 (1) C (15) 5409 (2) 8409 (2) 1956 (2) 21 (1) C (16) 6868 (2) 8032 (2) 1000 (2) 20 (1) C (17) 7288 ( (1) O (2) 22 (1) 20 (1) 27 (1) 3 (1) 3 (1) 2 (1) C (1) 18 (1) 26 (1) 19 (1) -2 (1) 3 (1) -3 (1) C (2) 15 (1) 18 (1) 21 (1) -2(1) 2 (1) 1 (1) C (3) 12 (1) 20 (1) 24 (1) 1 (1) 1 (1) -4(1) C (4) 20 (1) 22 (1) 19 (1) 1 (1) 4 (1) 0 (1) C (5) 17 (1) 23 (1) 23 (1) -3 (1) 2 (1) 0 (1) C (6) 19 (1) 20 (1) 22 (1) -3(1) -2 (1) 5 (1) C (7) 22 (1) 21 (1) 20 (1) -3 (1) 0 (1) 1 (1) C (8) 27 (1) 26 (1) 29 (1) 4(1) -1 (1) 2 (1) C (9) 16 (1) 20 (1) 21 (1) 0 (1) 2 (1) 0 (1) C (10) 20 (1) 31 (1) 23 (1) 2 (1) 2 (1) -2 (1) C (11) 19 (1) 27 (1) 25 (1) -5 (1) 2 (1) 3 (1) C (12) 26 (1) 27 (1) 31 (1) -11 (1) 1 (1) 4 (1) C (13) 24 (1) 24 (1) 36 (1) -
C (14) 15 (1) 23 (1) 22 (1) 0 (1) 4 (1) 0 (1) C (15) 16 (1) 22 (1) 25 (1) 1 (1) 0 (1) -2 (1) C (16) 19 (1) 18 (1) 23 (1) 0 (1) 0(1) -1 (1) C (17) 19 (1) 22 (1) 19 (1) 0(1) -1 (1) 2 (1) C (18) 23 (1) 26 (1) 22 (1) -3(1) -1 (1) 3 (1) C (19) 23 (1) 25 (1) 21 (1) -1(1) -1 (1) 3 (1) ______________________________________________________________________________ Table 5 . Hydrogen coordinates (x 10 4 ) and isotropic displacement parameters (Å 2 x 10 3 ) for baran223. 149.5, 135.8, 131.7, 119.7, 118 .5 (q, J = 320 Hz, CF 3 ), 64.5, 55.2, 42.7, 40.1, 39.3, 38.4, 28.9, 28.0, 27.7, 23.3, 22.3, 20.3, 20.2, 17 .8 ppm.
: 2976, 2931, 2853, 1691, 1461, 1414, 1393, 1245, 1205 ( 1, 136.9, 133.4, 130.7, 124.9, 65.0, 56.0, 43.6, 40.9, 38.6, 37.4, 29.0, 28.4, 27.7, 23.8, 23.7, 22.3, 21.9, 20.7, 18 .8 ppm.
IR ( (1)2(1) Table S7 . Atomic coordinates (x 10 4 ) and equivalent isotropic displacement parameters (Å 2 x 10 3 ) for CCDC # 837815. U(eq) is defined as one third of the trace of the orthogonalised U ij tensor.
O (1) 2169 (1) 2158 (1) 10057 (1) 37 (1) C (1) 3707 (2) -2280 (2) 8431 (1) 50 (1) C (2) 4101 (2) -1273 (1) 9025 (1) 37 (1) C (3) 3565 (2) -1045 (1) 9846 (1) 33 (1) C (4) 4173 (2) -55 (1) 10402 (1) 38 (1) C (5) 4119 (1) 1020 (1) 9771 (1) 33 (1) C (6) 2629 (1) 1359 (1) 9624 (1) 27 (1) C (7) 1704 (1) 748 (1) 8923 (1) 24 (1) C (8) 1148 (2) 1703 (1) 8304 (1) 30 (1) C (9) 2188 (2) 2509 (2) 7906 (1) 43 (1) C (10) 5108 (2) -457 (2) 8593 (1) 48 (1) C (11) 4955 (2) 810 (2) 8899 (1) 44 (1) C (12) -159 (2) 1794 (2) 8076 (1) 38 (1) C (13) -1229(2) 972(2) 8366 (1) 43 (1) C (14) -578(1) -163 (1) 8648 (1) 36 (1) C (15) 569 (1) -43 (1) 9361 (1) 29 (1) C(16) 1050(2) -1304 (1) 9521 (1) 35 (1) C (17) 2246 (2) -1597 (1) 10153 (1) 40 (1) C (18) 5675 (2) -308 (2) 10665 (2) 58 (1) C (19) 3450 (2) 206 (2) 11301 (1) 49 (1) C (20) -69 (2) 461 (1) 10232 (1) 37 (1) ________________________________________________________________________________ S30 (1) 44 (1) 27 (1) 41 (1) -10(1) -5 (1) 2 (1) C (1) 47 (1) 41 (1) 61 (1) -19(1) -3 (1) 7 (1) C (2) 33 (1) 29 (1) 50 (1) -5(1) -9 (1) 6 (1) C (3) 37 (1) 21 (1) 42 (1) 2 (1) -12 (1) 4 (1) C (4) 43 (1) 26 (1) 44 (1) 2 (1) -19 (1) 1 (1) C (5) 29 (1) 23 (1) 46 (1) 2 (1) -12(1) -4 (1) C (6) 31 (1) 19 (1) 31 (1) 2 (1) -2(1) -2 (1) C (7) 23 (1) 21 (1) 27 (1) -2 (1) 0 (1) 1 (1) C (8) 34 (1) 27 (1) 28 (1) -3(1) -2 (1) 6 (1) C (9) 47 (1) 35 (1) 46 (1) 13 (1) -3 (1) 0 (1) C (10) 32 (1) 51 (1) 62 (1) -8 (1) 5 (1) 1 (1) C (11) 27 (1) 40 (1) 64 (1) 5 (1) 4 (1) -2 (1) C (12) 41 (1) 37 (1) 37 (1) -6(1) -10 (1) 15 (1) C (13) 26 (1) 56 (1) 48 (1) -17(1) -6(1) 9 (1) C (14) 26 (1) 41 (1) 41 ( (1) C (17) 55 (1) 22 (1) 42 (1) 4 (1) -2(1) -6 (1) C (18) 56 (1) 41 (1) 77 (1) -4(1) -39 (1) 7 (1) C (19) 75 (1) 36 (1) 36 (1) -1(1) -19 (1) 2 (1) C (20) 36 (1) 41 (1) 34 (1) -6 (1) 11 ( 137.5, 128.0, 122.4, 80.1, 51.7, 42.2, 40.3, 38.5, 38.2, 37.8, 32.7, 28.9, 26.4, 25.2, 25.1, 23.9, 23.8, 23.1, 21 2β-Acetoxytaxadiene (+)-S5 and Taxadiene (+)-7. To a flame-dried 100 mL round-bottomed flask equipped with a stir bar was added potassium hydride (washed with hexanes and THF prior to use; 1.100 g, 27.43 mmol, 6.59 equiv) as a slurry in THF (4.0 mL), and this solution was cooled to -17 ºC (brine/dry ice). A solution of (+)-S4 (1.200 g, 4.160 mmol, 1.00 eq) in THF (6.0 mL) was added dropwise over 5 min, and this slurry was warmed to room temperature while stirring over 30 min. The reaction mixture was then re-cooled to -17 ºC, upon which freshly distilled acetyl chloride (1.20 mL, 1.325 g, 16.88 mmol, 4.06 equiv) was added dropwise, as the colour of the reaction mixture changes quickly from slightly yellow to dark orange. This mixture was then warmed to 60 ºC while stirring over 18 h, after which TLC showed reaction completion. This brown slurry was cooled to 0 ºC, and poured slowly while rinsing with hexanes (ca. 10 mL total) into a cooled (0 ºC), vigorously stirred solution of hexanes (50 mL) and aqueous hydrochloric acid (0.5 N; 50 mL) in a 500 mL Erlenmeyer flask. This mixture was then warmed to room temperature while vigorously stirring over 30 min. The resulting layers were S36 then separated, and the aqueous layer was extracted with 2 × 40 mL 1:3 EtOAc/hexanes. The organic layers were combined, washed with 100 mL H 2 O and 100 mL brine, dried over MgSO 4 and evaporated to dryness in vacuo. Purification via silica gel flash chromatography (slow gradient from hexanes to 1:40 EtOAc/hexanes) gave 1.220 g of (+)-S5 (88.7 % yield).
To a flame-dried 250 mL round-bottomed flask equipped with a stir bar were added freshly distilled HMPA (from CaH 2 ; 10 mL) and dry Et 2 O (5 mL), and this solution was degassed. Freshly sliced sodium metal (washed with degassed hexanes then degassed Et 2 O; 2.00 g, 66.1 mmol, 18.2 eq) was then added, and the reaction mixture was degassed for 10 min with a stream of argon, over which time the solution became dark blue. A degassed solution of (+)-S5
(1.200 g, 3.631 mmol, 1.00 eq) in 1:1 t BuOH/Et 2 O (8 mL) was then prepared, and was added slowly to the blue reaction mixture over the course of 40 min, being careful not to decolourize the blue solution (the dark blue solution becomes lighter every time the substrate is added but never goes fully colourless; the reaction mixture regenerates the dark blue colour within a few minutes). After the addition was complete and the reaction mixture regained its blue colour, the flask was opened to air and the reaction mixture was transferred via Pasteur pipet to a cooled (0 ºC), vigorously stirred 100 mL Erlenmeyer flask containing aqueous hydrochloric acid (0.5 N; 10 mL). The remaining sodium metal should NOT be transferred. The reaction flask was rinsed with 2 × 10 mL Et 2 O, and this rinsate added to the Erlenmeyer flask as well. This mixture was then warmed to room temperature while vigorously stirring over 30 min. The resulting layers were then separated, and the aqueous layer was extracted with 2 × 30 mL hexanes. The organic layers were combined, washed with 40 mL H 2 O and 40 mL brine, dried over MgSO 4 and evaporated to dryness in vacuo. Loading the crude mixture onto a silica gel plug and eluting with hexanes gave 0.811 g of (+)-7 (81.9 % yield), and eluting with 1:9 EtOAc/hexanes gave 0.163 g of deacetylated product (+)-S4 (15.6 % yield).
Data for (+)-S5:
Appearance: Colourless oil that solidifies to an amorphous white solid upon high vacuum 137.6, 137.0, 128.8, 122.1, 79.7, 47.8, 41.2, 40.4, 38.5, 38.3, 37.9, 32.5, 29.0, 26.1, 25.3, 24.5, 24.1, 23.9, 22.5, 21.8, 21 .4 ppm.
IR (neat)
: 7, 137.8, 129.7, 121.3, 44.4, 41.5, 39.9, 39.2, 38.6, 37.5, 30.9, 29.9, 28.5, 26.4, 24.6, 24.2, 23.3, 22.8, 21.8, 21 .6 ppm.
IR (neat):
€ ˜ ν = 2952, 2930 ( € ˜ ν max ), 2926, 2850, 1458, 1442, 1387, 1375, 1330, 1109, 1084, 1028, 966, 833, 822 cm -1 . 
HRMS (ESI-
Synthetic (+)-taxadiene (7)
This manuscriptS41 Figure S5 . Overlaid spectra of synthetic taxadiene (7) from this manuscript (below, CDCl 3 , 600
MHz) to that generated by bioengineering, obtained from Professor Gregory Stephanopoulos, cf.
Science 2010, 330, 70-74 (above, CDCl 3 , 600 MHz). Note: Professor Stephanopoulos' taxadiene sample was freed of solvent and polar impurities before acquiring this spectrum; however, taxadiene produced via cell culture is a 9:1 mixture of taxa-4(5),11(12)-diene and taxa-4(20),11(12)-diene (its prominent features are depicted via arrows).
The optical rotation for this compound has hitherto not been reported. Taxadiene (7) obtained from Professor Gregory Stephanopoulos' bioengineered cell-culture production has been purified and its optical rotation has been measured for comparison:
Bioengineered taxadiene (7): Synthetic taxadiene (7): ):
